Abstract
Introduction
Diabetic macular edema (DME) is a leading cause of visual loss in diabetic patients [1] . DME results from a breakdown of the blood-retina barrier of intraretinal vessels, leading to an enhanced lipid and protein exudation clinically labeled hard exudates (HEs) [2] . HEs are frequently associated with a high level of serum lipids [1, 3] and can contribute to visual loss when they are located in the foveal area [1, [4] [5] [6] . For years, retinography was the gold standard in assessing HE size on a set of standard stereoscopic color photographs as proposed by the Early Treatment Diabetic Retinopathy Study [1, 7, 8] . More recently, spectral-domain optical coherence tomography (SD-OCT) has improved our understanding of the natural history of HEs. Bolz et al. [9, 10] reported the existence of foci, deposits located within the walls of intraretinal microaneurysms that are scattered throughout all retinal layers, forming confluent plaques in the outer plexiform layer [11] . Various treatments including lipid-lowering agents [1] , photocoagulation [4] , surgical excision [12] intravitreal injections of steroids [13] , or more recently, antiangiogenic agents [14, 15] have been proposed to promote their regression. Previous assessment using SD-OCT and/or retinography have shown HE regression after several months [4, 11] , mostly by macrophage phagocytosis. Recently, a new imaging modality, adaptive optics (AO), based on the correction of the optical aberrations of the eye, has contributed new insight into the retinal imaging field by providing real-time images of the retinal structure a few microns in size such as photoreceptor cells, the vessel wall, or pigment migration [16] [17] [18] [19] . Yamaguchi et al. [20] imaged HEs using an AO scanning laser ophthalmoscope (AOSLO) and classified them into round or irregular shape, the first category eventually transforming into the second. In this study, we assessed the change in HEs using a flood illumination AO device. For this purpose, HEs were imaged sequentially over an 8-week period and their progression was compared to that of the underlying DME.
Methods
An institutional observational prospective study was conducted in the Ophthalmology Department of the University Hospital of Besançon (France). The local ethics committee of the Besançon University Hospital approved the protocol and it adhered to the tenets of the Declaration of Helsinki. The nature of the study and its possible consequences were explained to study candidates, after which written informed consent was obtained from all participants.
Participants
Patients presenting diabetic maculopathy with HE seen on indirect ophthalmoscopy were studied. Five eyes of three men aged from 43 to 67 years were studied. The baseline characteristics of the patients studied are summarized in Exclusion criteria for this study aimed to obtain the best quality of retinal images for analysis. They included any condition impairing the media clarity, high myopia, astigmatism known to produce high-order aberrations, patients presenting a significant tear film disorder, insufficient pharmacologically induced mydriasis (pupil diameter < 5 mm), uncontrolled movements of the eyes or the head, and poor fixation. Also excluded were patients presenting hemorrhage and pigment changes masking the retinal structures.
Adaptive Optics Imaging
Eyes were imaged using a flood illumination AO camera based on a noncoherent flood-illuminated design with an 850-nm central illumination wavelength allowing a lateral resolution between 2 and 4 µm. Its low-noise CCD camera has a pixel resolution of 1.6 µm and a frame rate of 9.5 fps. Imaging sessions were conducted after the pupils were dilated with two drops each of 0.5% tropicamide. The examiner determined a macular area of clinically visible exudates within a 4 × 4 degree square. The imaging depth was chosen within the range of 0-800 µm in which the HE images appeared to be the sharpest.
Image Processing and Time-Lapse Sequence
Each series of 40 images acquired by the AO camera was processed using software programs provided by the system's manufacturer (CK v0.1 and AO detect v0.1, Imagine Eyes, France). These images were registered using a cross-correlation method and averaged to produce a final image with an improved signal-tonoise ratio. The raw images that showed artifacts due to eye blinking and saccades were automatically eliminated before averaging. On the AO image, HEs appeared as hyperreflective aggregates with various shapes at least 50 µm wide. They were made of an aggregation of round elements of nearly the same size (30 µm). Isolated 30 to 50 µm elements were defined as foci. Foci were round, mainly hyperreflective with a darker shady portion. At higher magnification, their aspect was grained with hyperreflective dots on a dark- karger.com/doi/10.1159/000493858). Their shape and size were more heterogeneous than the foci. However, their inner part displayed the same appearance as foci. The number of imaging sessions ranged from seven to eight, with a mean interval between imaging sessions lasting 7 days and a 2-month follow-up.
To obtain time-lapse videos, averaged images of a given site were aligned and gif animations were constructed using i2k Align Retina software (DualAlign, LLC). The images were superimposed according to anatomical landmarks, mainly retinal vessels and microaneurysms. To evaluate the progression of HEs, the HE surface was measured by two independent graders using ImageJ software (National Institutes of Health, Bethesda, MD, USA) and the free foci were counted in a 1-degree circle from the center of the HE studied. The data presented are the average of the two measurements.
Results
Changes in size and location of exudates together with the variation of free elements around the exudates were observed during the study period. Two patterns of progression were identified: − HE regression: two eyes showed exudate dislocation concomitant with the regression of the underlying macular edema with HEs being progressively replaced by a multitude of smaller foci ( Fig. 1 and 3 ). In the first case, the surface area of the resorption exudates at baseline was 29.403 µm 2 and 3,206 µm 2 at 2 months. At the same time, the number of foci increased from 77 to 175 at 2 months. The CRT decreased by 47 µm (Fig. 2a) . In the second case, the exudate surface decreased from 24.194 µm 2 to 13.108 µm 2 and the number of foci in the studied area rose from 63 to 127 elements (Fig. 2a) .
− The other pattern observed in three eyes was an increase in HE size. In two eyes, the foci tended to progressively aggregate until forming a larger deposit while the number of free foci decreased. Cross-sectional OCT scans confirmed the predominance of the HEs in the outer plexiform layer (see online suppl. Material 2 and Fig. 3 ). The baseline surface in the first case was 21.500 µm 2 and increased to 78.129 µm 2 at 2 months. At the same time, the macular edema increased by 13 µm. The number of foci decreased from 83 to 58 at 2 months. In the second case, the surface area increased from 9.714 µm 2 to 18.431 µm 2 , while the CRT remained stable. The number of foci in the region of interest decreased from 76 to 47 foci at 2 months (Fig. 2b) . In the third case, the HE surface increased progressively according to a circinate pattern centered on a retinal microaneurysm that can be clearly seen on AO (see online suppl. Material 3 and Fig. 3 ).
Discussion
AO longitudinal imaging revealed constant change in HE size, shape, and location during the study period. Some changes were noted as soon as after 1 week. The presence of intraretinal edema did not prevent the imaging of the exudates. Some HEs moved slowly during the study period with an estimated speed of 1.59 µm per day (Fig. 3b) . The number of free foci was inversely correlated to the exudate surface. Foci appeared to play a key role in the natural history of HEs in both formation and disaggregation, acting like the bricks of a wall under construction or demolition depending on the phase of the process. The nature of microfoci and foci are not known with certitude. HE is thought to be composed of lipid and proteinaceous material, such as fibrinogen and albumin, which form primarily in the outer plexiform layer of the retina [5] . The size (20-30 µm) and oval shape of the foci suggest that they may correspond to foam cells that are lipid-laden macrophages [21] . In the histological report [2] , colocalization of macrophages and apolipoprotein-B was observed around the retinal vasculature, supporting the hypothesis that macrophages play a role in cholesterol removal [21] . In the present study, foci were located in the neighborhood of vascular structures such as a retinal vessel and/or vessel abnormalities, as illustrated in case 3 where a circinate deposit made of an aggregation of foci appeared around a microaneurysm (see online suppl. Material 3). Bek [19] was the first to report the use of AO to image HE in diabetic retinopathy. Yamaguchi et al. [20] have recently reported two types of exudates using AO SLO in diabetic maculopathy that could not be distinguished using color fundus photography or SD-OCT: a round type consisting of an accumulation of spherical particles and an irregular type. Nevertheless, the aspect of HE in AOSLO images differed significantly from the images obtained with the camera used in the current study.
In the current study, we also did not find a clear difference in exudate shape. In fact, it appeared that there was a kind of continuum between microfoci, foci, and the clinically visible exudates during HE formation. This study has limitations such as the small number of eyes studied. However, the semiquantitative analysis performed identified rapid changes in the natural course of HE that were not reported previously. The area analyzed was also limited to the neighborhood of the clinically visible exudates located close to the fovea for evident practical reasons. It is not known if exudates farther from the center evolve in the same way. The camera used did not have an eye tracker guaranteeing that the same area was imaged over time. However, the good superposition of vascular landmarks during the study period strengthens the accuracy of the results presented. It should also be noted that in the absence of histological and clinical comparison, the interpretation of the AO images remains speculative.
In conclusion, AO made it possible to monitor rapid changes in HE progression. Surprisingly, a high turnover in a short period of time was observed. This method may contribute to a better understanding of the natural history of HEs and the efficacy of the various treatments available.
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